. disclosure Dr. Becske is a consultant/proctor in the use of the Pipeline Embolization Device for Covidien. Dr. Saatci's institution received fees for participation in review activities from Chestnut Medical, and she received consultancy fees from ev3/Covidien. Dr. McDougall received consultancy fees from the Covidien Medical Advisory Board. Dr. Szikora and his institution received consulting fees or honoraria from Chestnut Medical, and he received consultancy fees from Stryker Neurovascular and ev3/ Covidien and speaker's and service fees for being on speakers' bureaus of Stryker Neurovascular and ev3/Covidien. Dr. Lanzino's institution received consulting fees or honoraria from ev3/Covidien and support for travel to meetings for the study or other purposes from ev3/Covidien for presentation to a FDA panel; his institution received an unrestricted educational grant from ev3/Covidien. Dr. Moran is a chief medical officer for Covidien, and he received fees from ev3/Covidien for lectures and for development of educational presentations. Dr. Woo's institution received funds for grants or for pending grants from Siemens and from MicroVention; he received royalties paid by Codman and Shurtleff for an acute stroke device after acquisition of Revasc and travel/accommodations/meeting expenses unrelated to this study from Siemens; and he is the President/CFO of Vascular Simulations. Dr. Berez was an employee of Chestnut Medical and ev3/Covidien and received patent royalties from Covidien; he has stock/stock options in Chestnut Medical and Covidien, and is a founder and employee of Chestnut; he received
A lthough the risks of mortality or severe neurological morbidity from large and giant cavernous and supraclinoid internal carotid artery (ICA) aneurysms are low, 6, 7, 13 they often are associated with substantial neuroophthalmological disorders and facial pain. 4, 8, 13 Mass effects from large and giant aneurysms of the ICA involving the petrous through supraclinoid segments may cause cranial neuropathies that affect cranial nerves (CNs) III, IV, V, and VI. In addition, optic neuropathy may develop from direct compression of the optic nerve, resulting in visual field (VF) deficits, visual acuity (VA) problems, and/or afferent pupillary defects (APDs). Although the effects of both endovascular and surgical aneurysm treatments on neuroophthalmological morbidity rates have been studied, 1, [3] [4] [5] 8, 9, 11, 13, 15, 16 the literature on this matter as a whole is diminished by the lack of prospective studies, the variable length of reported follow-up, and the lack of consensus on fundamental neuroophthalmological endpoints; for example, there is a lack of agreement whether objective findings such as "ophthalmoparesis" should be grouped with subjective findings such as "diplopia."
In April 2011, the Pipeline Embolization Device (PED, Covidien) received FDA clearance for the endovascular reconstruction of large and giant wide-necked aneurysms of the ICA. The safety and efficacy of the PED has been unequivocally demonstrated for these aneurysms of the cavernous and supraclinoid segments of the ICA. 2, 10 Although the treatment of large and giant ICA aneurysms with mass-occupying coils is very frequently associated with negative neuroophthalmological outcomes 17 -observed with both hydrogel-coated coils 12, 14 and platinum coils 5 -the absence of an intrasaccular element in PEDbased treatment theoretically permits a reduction in mass effect accompanying aneurysmal involution with the potential to facilitate resolution of compression-related CN deficits and optic neuropathy. The Pipeline for Uncoilable or Failed Aneurysms (PUFS) is a prospective, multicenter, and single-arm clinical trial of the PED for the treatment of unruptured large and giant aneurysms of the ICA. Herein, we present an analysis of the baseline and 6-month neuroophthalmological findings from the trial to determine whether PED treatment improves neuroophthalmological symptoms associated with the target aneurysm.
methods design
The details of the PUFS trial, which was approved by the internal review boards of all institutions involved, have been published previously. 2 Briefly, PUFS is an international, multicenter clinical trial conducted at 10 centers: 8 in the United States, 1 in Hungary, and 1 in Turkey.
patients
Patients were included in this study if they had an aneurysm arising from the ICA (petrous through the superior hypophysial segments and proximal to the posterior communicating segment) that measured at least 10 mm in maximum diameter and also had an aneurysm neck of at least 4 mm in one dimension. Patients were excluded if they had had a subarachnoid hemorrhage in the previous 60 days, any intracranial hemorrhage, or a major operation within the last 42 days; a history of bleeding disorders or low platelet count; undergone placement of an indwelling stent at the target aneurysm site; a contraindication to CT obJect Neuroophthalmological morbidity is commonly associated with large and giant cavernous and supraclinoid internal carotid artery (ICA) aneurysms. The authors sought to evaluate the neuroophthalmological outcomes after treatment of these aneurysms with the Pipeline Embolization Device (PED). methods The Pipeline for Uncoilable or Failed Aneurysms (PUFS) trial was an international, multicenter prospective trial evaluating the safety and efficacy of the PED. All patients underwent complete neuroophthalmological examinations both before the PED procedure and at a 6-month follow-up. All examinations were performed for the purpose of this study and according to study criteria. results In total, 108 patients were treated in the PUFS trial, 98 of whom had complete neuroophthalmological follow-up. Of the patients with complete follow-up, 39 (40%) presented with a neuroophthalmological baseline deficit that was presumed to be attributable to the aneurysm, and patients with these baseline deficits had significantly larger aneurysms. In 25 of these patients (64%), the baseline deficit showed at least some improvement 6 months after PED treatment, whereas in 1 patient (2.6%), the deficits only worsened. In 5 patients (5%), new deficits had developed at the 6-month follow-up, while in another 6 patients (6%), deficits that were not originally assumed to be related to the aneurysm had improved by that time. A history of diabetes was associated with failure of the baseline deficits to improve after the treatment. The aneurysm maximum diameter was significantly larger in patients with a new deficit or a worse baseline deficit at 6 months postprocedure. coNclusioNs Patients treated with the PED for large and giant ICA aneurysms had excellent neuroophthalmological outcomes 6 months after the procedure, with deficits improving in most of the patients, very few deficits worsening, and few new deficits developing. and MRI; an allergy to platinum or cobalt/chromium alloys; evidence of an active infection; or major stenosis of the ipsilateral carotid artery. Patients with recurrent intracranial aneurysms after surgical or endovascular therapy were included, except if an indwelling stent was present in the parent artery. All study participants provided written informed consent before study participation.
assessments
Before a PED placement, all patients underwent a baseline neurological examination, which included a detailed neuroophthalmological assessment to identify any oculomotor, or VA, and/or VF deficits. The neuroophthalmological examination was performed by neuroophthalmologists at each study site and included a fundus photograph, VA examination by Snellen with correction, VF examination by static perimetry, and a detailed CN examination with a prism, if required. Patients underwent a repeat examination at 180 days after PED placement. All neuroophthalmological data were independently reanalyzed by a single neuroophthalmologist (M.F.) to ensure that baseline and follow-up examinations adhered to the study protocol. The baseline findings of the neuroophthalmological examination were recorded as normal, abnormal and probably related to the aneurysm, abnormal and probably unrelated to the aneurysm, or abnormal with unknown relationship to the aneurysm. Only those neuroophthalmological findings that were presumed to be related to the aneurysm were included in the analysis as aneurysm related. At the followup, elements of the neuroophthalmological examination were graded as completely resolved (100% improvement), highly improved (≥ 50% improvement), moderately improved (20%-50% improvement), stable (< 20% improvement), moderately worse (20%-50% worsened), markedly worse (≥ 50% worsened), or cannot tell because of equivocal or otherwise unclear examination findings.
The procedural efficacy (degree of occlusion) for all aneurysms was assessed at 6 months postprocedure by a core laboratory using a previously published scale (complete occlusion, residual neck, or residual aneurysm). 2, 13 Neuroophthalmological outcome was analyzed as a function of procedural efficacy.
statistical analysis
Categorical variables were analyzed with chi-square or Fisher's exact tests as appropriate. Continuous variables were analyzed with Student's t-test for 2-group comparisons, and 1-way ANOVA with a post hoc Tukey's test was used for 3 or more group comparisons.
results
In total, 108 patients were treated in the PUFS trial. For several reasons, 10 of these patients were excluded from the 180-day neuroophthalmological follow-up (Table  1) . Therefore, the analysis included 98 patients (91%) for whom complete follow-up data were available. The demographics and baseline aneurysm characteristics of the included patients are shown in Table 2 . The average age of the patients was 56.4 ± 11.6 years, and 88 of the patients (90%) were female.
Thirty-nine patients (40%) had baseline neuroophthalmological deficits at the time of the PED treatment, and several of these patients had multiple deficits. Also included in Table 2 are the results of a univariate analysis of baseline clinical and aneurysm characteristics that were associated with a presentation of a baseline deficit. Those with a deficit tended to be older (age 58.0 ± 10.8 years) than those with no baseline deficits (55.3 ± 12.0 years), but this age difference did not reach statistical significance (p = 0.26). We also noted a trend toward statistical significance of the association between aneurysm location and presentation of symptoms (p = 0.058), with a higher proportion of patients with cavernous segment aneurysms exhibiting neuroophthalmological deficits (57%) than those with aneurysms of the petrous (0%), superior hypophysial (22%), paraophthalmic (27%), or supraclinoid (25%) segments. The size of the aneurysm (its maximum dimension) was most statistically significantly associated with a baseline deficit (22.0 ± 5.9 mm for patients with deficits vs 15.7 ± 5.9 mm for those with no deficits, p < 0.001). Dome size (16.8 ± 5.2 mm for patients with deficits vs 13.3 ± 5.5 mm for those with no deficits, p = 0.003) and, to a lesser extent, neck size (10.0 ± 4.6 mm for those with deficits vs 8.1 ± 4.3 mm for those with no deficit, p = 0.032) were also significantly associated with baseline deficits. Figure 1 shows the results of PED treatment of a giant, wide-neck paraophthalmic segment aneurysm of the left ICA, with both angiographically defined vascular exclusion of the aneurysm 6 months after treatment and involution of the excluded aneurysm sack. Three sequential transaxial CT images immediately after PED placement (Fig. 1, panels D-F) show contrast layering within the giant aneurysm and mass effect on the left optic nerve and inferomedial frontal lobe. Six months after treatment (panels G-I), the aneurysm sac had completely resolved (disappeared on CT). Three frontal oblique angiographic images show the aneurysm (panel A), the stent construct (immediately after placement in the left ICA) (panel B), and complete angiographically defined occlusion of the aneurysm at the 6-month follow-up (panel C).
The relationship between individual baseline deficits and aneurysm location is shown in Table 3 . A statistically significant predominance of cavernous segment aneurysms was detected in patients with symptoms of CN III or CN VI palsies.
The 6-month outcomes for all patients with neuroophthalmological findings during the course of this study are pictorially summarized in Fig. 2 . One patient with a central retinal artery occlusion and resulting VF and VA deficits and an APD is not included on this chart because that outcome was adjudicated by an independent clinical events committee as being a thromboembolic event. Each row in Fig. 2 represents findings from an individual patient. Baseline deficits adjudicated as probably related to the aneurysm are shown in solid colors. Deficits that were not present at baseline but that appeared at 6 months postprocedure are indicated by colored rectangles with horizontal hatching. Also included (and depicted by colored rectangles with vertical hatching) are those baseline deficits that were initially presumed not to be likely related to the aneurysm but had improved at the 6-month follow-up, thereby suggesting that the original adjudication was incorrect. Among the 39 patients with a baseline deficit, 25 (64%) had a deficit that showed at least some improvement. Only 1 patient (2.6%) had a VF deficit that exhibited worsening from baseline at 6 months, which was accompanied by a deterioration in VA. The same patient had improvement of a baseline CN VI palsy.
Of the 43 distinct baseline deficits (observed in 25 patients) that had improved by the 6-month follow-up, 26 (61%) had moderately improved, 8 (19%) had highly improved, and 9 (21%) had completely resolved. We observed single new deficits in 5 patients (5%) at 6 months postprocedure: 3 moderate CN VI palsies, 1 moderate CN IV palsy, and 1 moderate VA deficit. Three of these new deficits (2 CN VI palsies and the CN IV palsy) developed in patients who did not have deficits at the baseline presentation (represented in Fig. 2 by a colored rectangle with horizontal hatching). A new CN VI palsy appeared in a patient who had a preexisting CN III palsy that had moderately improved by the 6-month follow-up. The VA deficit appeared in the patient with the worsening baseline VF deficit, but moderately improved CN VI palsy. Six patients (6%) with baseline deficits that were considered not likely to be related to the aneurysm (1 with a deficit of unclear relationship to the aneurysm and 5 with deficits that were presumed unlikely to be related to the aneurysm) showed improvement in their deficits. Two of these patients had moderate improvement in VFs, both ipsilateral and contralateral to the aneurysm; 1 had moderate improvement in ipsilateral VF; 2 showed completely resolved VF deficit-1 with resolution in both ipsilateral and contralateral fields; and 1 exhibited complete resolution of a CN VI palsy. Overall, 17 patients showed symptoms of a compressive optic neuropathy (that is, findings of VF or VA deficits or APD), which were presumed to be related to the aneurysm at baseline, with 9 of these patients (53%) showing any improvement in these symptoms. In total, 27 patients presented with any combination of CN III, IV, and VI palsies, 17 of whom (63%) showed any improvement in symptoms. Three patients showed symptoms of trigeminal neuralgia, 1 of whom (33%) showed any improvement in these symptoms.
Univariate analysis of factors associated with neuroophthalmological improvement after PED treatment indicated only 1 characteristic that reached statistical significance. None of the 4 patients with diabetes who presented with a baseline deficit showed an improvement in their deficits (p = 0.012 by 2-sided Fisher's exact test). The maximum dimension of an aneurysm was significantly larger in patients in whom examinations revealed a new or worse finding at 6 months postprocedure than in those in whom findings were stable or improved: 25.5 ± 4.1 mm for the patients with worse outcomes versus 17.9 ± 6.5 mm in those with stable or improved outcomes (p = 0.013, 2-tailed independent samples t-test). Four of the 5 patients whose examination indicated worsening of their neuroophthalmological findings had cavernous segment aneurysms. In these patients, the smallest aneurysm was 19.4 mm in maximum dimension and the largest was 30.0 mm.
In aggregate, 80 (82%) of the aneurysms treated in the PUFS trial and evaluated at the 6-month follow-up showed angiographic occlusion, 8 (8%) had a neck remnant, 8 (8%) resulted in a residual aneurysm, and 2 (2%) had indeterminate changes with respect to procedure-related efficacy. Of the 25 patients with symptomatic aneurysms at the time of treatment and who clinically improved, 21 (84%) had complete occlusion of their aneurysm at 6 months post-PED implantation. In contrast, only 9 aneurysms (64%) in the 14 patients whose baseline deficits did not improve were occluded at 6 months, but this difference failed to reach statistical significance (p = 0.16, chi-square test).
discussion
To the best of our knowledge, this study is the first to report the neuroophthalmological findings from endovascular stent-only reconstruction of large and giant ICA aneurysms. For the purpose of this study, the data in the analyses reported here were collected from thorough neuroophthalmological examinations both before and 6 months after PED treatment. Even given the relatively brief followup period of 6 months, the results are striking, with 64% of patients experiencing an objective improvement from their baseline deficit after treatment of their aneurysms with PED.
Drawing meaningful comparisons between the results presented here and those reported in the literature is limited by differences in design, end point definition, and patient cohorts between our study and those of other authors. Many of these previous studies have no defined threshold for reporting that a symptom has changed from baseline, 1, 13, 15, 16 while only 2 define a clear threshold.
4,11
Likewise, most of the studies examining changes in extraocular motor function nonspecifically include changes in both the objective extraocular motor examination and a patient's perception of double vision as a broad single outcome measure, 1, 4, 13, 15, 16 as opposed to relying purely on the objective extraocular motor examination.
The inclusion of a patient's subjective experience of double vision in the broad metric of extraocular motor function does not account for circumstances in which the perception of double vision may change in the absence of improved extraocular motor function. Two of the aforementioned studies provide evidence that patients with no improvement in oculomotor paresis, or who even have worsening paresis, may have decreased perception of double vision. Stiebel-Kalish et al. 13 note that 2 of their patients had worsening of misalignment, but their diplopia was unnoticed on a follow-up examination, using a primary end point of "resolved, improved, or became unnoticed" for following up patients who initially presented with oculomotor palsies. What the authors did not address explicitly was the number of patients whose misalignment remained unchanged on physical examination, but who reported that their diplopia had improved or became unnoticed. Another study reported that 19 patients had baseline diplopia and 23 had ophthalmoparesis, clearly suggesting that a reasonable proportion of patients with ophthalmoparesis do not report double vision. 4 The change in the perception of double vision is an interesting subject and is likely dependent on patient age and duration of symptoms, but does little to address the question of restoration of CN function following CN decompression. 2 The aneurysm treatment series most similar to that reported here come from a retrospective study of 17 patients with large ophthalmic segment aneurysms and symptoms of anterior optic pathway compression treated with endovascular therapy (16 patients were initially treated with endosaccular coils and 1 with arterial occlusion). 5 The aneurysms of patients included in this series each had a neck size of at least 4 mm and a dome size of at least 10 mm, which are anatomical thresholds shared by aneurysms in our study. That retrospective study reported that after the primary procedure, vision improved in 38% of the patients, remained unchanged in 25%, and worsened in 38%. In addition, 12 patients in the original cohort underwent 13 addi- tional procedures over a mean follow-up period of 2.9 years (including ICA occlusion in 7 earlier coiled aneurysms, repeated coil therapy in 5, and optic nerve decompression in 1 case) to address unresolved clinical issues related to aneurysm recurrence. Given that 5 (56%) of the 9 patients in our series presenting with VA deficits showed improvement at the 6-month follow-up (that is, these deficits had highly improved in 3 patients and had moderately improved in 2 Fig. 2 . Color-coded depiction of neuroophthalmological outcomes in patients who showed symptoms of an aneurysm and who were treated with a PED. Each row represents an individual aneurysm with corresponding baseline deficits presumed to be attributable to the aneurysm. Colors (see color key below the table) represent the 6-month outcomes: blue indicates improvement/ resolution, red depicts worsening, and gray represents no change. Those deficits that were not initially thought to be attributable to the aneurysm but that had improved 6 months after the treatment are represented by rectangles with vertical hatching. New deficits at the 6-month follow-up are represented by rectangles with horizontal hatching.
patients) and that these deficits had remained stable or had not worsened in the other 4 patients, the potential of the stent-only construct for alleviating mass effect and the resultant compressive neuropathy becomes clear. The relatively brief follow-up period in this analysis may limit our estimation of the ultimate therapeutic benefit of PED. In a retrospective study of patients with CN palsies related to intracranial aneurysms of any location, 11 the mean length of time between treatment and recovery was 69 days; however, some patients' recoveries took up to 300 days. Moreover, although we did not collect data on symptom duration, there is ample evidence that earlier intervention following symptom onset results in the highest likelihood of recovery from cranial or optic neuropathy. 11 This observation may be important because the composition of the aneurysm cohort targeted by PUFS (large, complex neck lesions for which acceptable alternative therapies were lacking) may have contained a bias toward patients with longstanding symptoms.
Although the percentage of patients in PUFS who had improved neuroophthalmological symptoms and an occluded aneurysm at 6 months postprocedure was greater than that for individuals showing no improvement despite an occluded aneurysm (84% vs 64% of patients, respectively), this difference did not reach statistical significance. The apparent lack of an association between aneurysm occlusion and symptom resolution may be attributable to heterogeneities in the study cohort, both with respect to the type of clinical symptom (VF deficits vs oculomotor palsies, not all of which might be expected to exhibit similar potentials for recoverability), and the duration of symptoms (some treated soon after symptom onset, potentially more likely to improve, and others with symptoms of long duration). Moreover, the small numbers of patients composing the cohort with unoccluded aneurysms at 6 months (18%) left the study underpowered for detection of potential outcome trends due to procedural efficacy.
Another limitation of this study, from a neuroophthalmological standpoint, is that there was no control arm of untreated patients to enable a comparison with the natural history of neuroophthalmological changes in a matched cohort with large and giant ICA aneurysms. However, data from the literature suggest that patients are highly unlikely to do as well as reported here in the absence of any aneurysm treatment. In one retrospective series of cavernous segment aneurysms, 4 none of 10 patients in a nontreatment arm showed improvement in their condition: symptoms were stable in 3 patients, and 7 patients had worsening neuroophthalmological outcomes during follow-up for at least 5 years and for a mean length of 11.8 years. In another retrospective series following up untreated patients with cavernous segment aneurysms, 10 of whom showed symptoms and 10 no symptoms, 3 of the patients with no symptoms developed symptoms over a median of 2.4 years and 4 of the 10 patients presenting initially with symptoms had worsening of their symptoms, while symptoms improved in only 2 of these patients. Our finding that 64% of the patients with baseline deficits had improvement of these deficits at the 6-month follow-up is well outside the expected natural history of neuroophthalmological symptoms due to mass effect from aneurysms in the anterior circulation.
conclusions
We present the neuroophthalmological outcomes from the prospective PUFS trial with PEDs, which is the first fully endoluminal, coil-free, vessel-sparing endovascular system for treating large and giant aneurysms. In our cohort, 40% of the patients presented with neuroophthalmological deficits at baseline presentation, and maximum aneurysm size was significantly correlated with these baseline symptoms. Overall, 64% of the patients with a baseline deficit showed at least some improvement after treatment with PED, while 5% of the treated patients had a new deficit at 6 months. In addition, 6% of the patients showed improvement in a deficit that was presumed either unlikely to be related to the aneurysm or to have an unknown relationship with the aneurysm. Overall, individuals with diabetes were less likely to show improvement in baseline deficits over the 6 months posttreatment, and having a larger aneurysm was associated with new or worsening deficits. When compared with outcomes of previously reported series, these results are encouraging. There is ample evidence from the literature that a 6-month followup period may be too short to capture the total number of patients who will ultimately benefit from treatment, which leaves open the possibility for continued clinical improvement among our patients who showed aneurysm symptoms at baseline.
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